The standard inflationary version of the origin of the cosmic structure as the result of the quantum fluctuations during the early universe is less than fully satisfactory as has been argued in [A. Perez, H. Sahlmann, and D. Sudarsky, Class. Quantum Grav., 23, 2317, (2006)]. A proposal is made there of a way to address the shortcomings by invoking a process similar to the collapse of the quantum mechanical wave function of the various modes of the inflaton field. This in turn was inspired on the ideas of R. Penrose about the role that quantum gravity might play in bringing about such breakdown of the standard unitary evolution of quantum mechanics. In this paper we study in some detail the two schemes of collapse considered in the original work together with an alternative scheme, which can be considered as "more natural" than the former two. The new scheme, assumes that the collapse follows the correlations indicated in the Wigner functional of the initial state. We end with considerations regarding the degree to which the various schemes can be expected to produce a spectrum that resembles the observed one.
I. INTRODUCTION
In recent years, there have been spectacular advances in physical cosmology, resulting from remarkable increase in the accuracy of the observational techniques and exemplified by the Supernova Surveys [1] , the studies of large scale structure [2] and the highly accurate observations from various recent studies in particular those of Wilkinson Microwave Anisotropy Probe (WMAP) [3] . These observations have strengthened the theoretical status of the Inflationary scenarios among cosmologists. We should note however that while much of the focus of the research in Inflation has been directed towards the elucidation of the exact form of the inflationary model (i.e. the number of fields, the form of the potential, and the occurrence of non-minimal couplings to gravity to name a few), much less attention has been given to the questions of principle, as how the initial conditions are determined, what accounts for the low entropy of the initial state, and how exactly does the universe transit from a homogeneous and isotropic stage to one where the quantum uncertainties become actual inhomogeneous fluctuations. There are of course several works in which this issues are addressed [4, 5] but as explained in [6, 7, 8] the fully satisfactory account of the last of them seems to require something beyond the current understanding of the laws of physics. The point is that the predictions of inflation in this regard can not be fully justified in any known and satisfactory interpretational scheme for quantum physics. The Copenhagen interpretation, for in-stance, is inapplicable in that case, due to the fact that we, the observers, are part of the system, and to make things even worse we are in fact part of the outcome of the process we wish to understand, Galaxies, Stars, planets and living creatures being impossible in a homogeneous and isotropic universe [16] . The arguments and counterarguments that have arisen in regard to this aspect of the article mentioned above have been discussed in various other places by now and we point the reader who is interested in that debate to that literature [8, 9] . In the present work we will focus on a more detailed study of the collapse schemes and on the traces they might leave on the observational data. Nevertheless, and in order to make the article self contained, we will briefly review the motivation and line of approach described in detail in [6] . To clarify where lies the problem, and the way in which it is addressed in [6] we will review in a nutshell, the standard explanation of the origin of the seeds of cosmic structure in the Inflationary paradigm:
• One starts with an homogeneous and isotropic spacetime [17] The inflaton field is the dominant matter in this spacetime, and it is in its vacuum quantum state, which is homogeneous and isotropic too. The field is in fact described in terms of its expectation value represented as a scalar field which depends only on cosmic time but not on the spatial coordinates, φ 0 and a quantum or "fluctuating part" δφ which is in the adiabatic vacuum state, which is an homogeneous and isotropic state (something that can be easily verified by applying the generators of rotations or translations to the state).
• The quantum "fluctuations" of the inflaton acts as perturbations [18] of the inflaton field and through the Einstein Field Equations (EFE) as perturba-tions of the metric.
• As inflation continues the physical wave length of the various modes of the inflaton field become larger than the Hubble Radius (Horizon-crossing as referred commonly in the literature), and the quantum amplitudes of the modes freeze. At that moment one starts regarding such modes as actual waves of in a classical field. Later on, after inflation ends, and as the Hubble Radius grows, the fluctuations "re-enter the Horizon", transforming at that point into the seeds of the cosmic structure.
The last step is usually refereed as the quantum to classical transition. There are of course several schools of though about the way one must consider such transition: from those using the established physical paradigms [4, 5] , to views advocating a certain generalization of the standard formalisms [10] . The two works [4, 10] focus concretely in a full blown quantum cosmology, and its interpretational problems, which are even more severe than the ones we are dealing with here. In [6] it was argued that such schemes are insufficient, in particular if one expects cosmology to provide a time evolution account starting from the totally symmetric state to an inhomogeneous and anisotropic Universe in which creatures such as humans might eventually arise. The view taken in [6] (and in this work) intends to be faithful to the notion that physics is always quantum mechanical, and that the only role for a classical description is that of an approximation where the uncertainties in the state of the system are negligibly small and one can take the expectation values as fair description of the aspects of the state one is interested on. However one must keep in mind that behind any classical approximation there should always lie a full quantum description, and thus one should reject any scheme in which the classical description of the universe is inhomogeneous and anisotropic but in which the quantum mechanical description persists in associating to the universe an homogeneous and isotropic state at all times. Thus in [6] , one introduces a new ingredient to the inflationary account of the origin of the seeds of cosmic structure: the self induced collapse hypothesis. I.e. one considers a specific scheme by which a self induced collapse of the wave function is taken as the mechanism by which inhomogeneities and anisotropies arise in each particular scale. This work was inspired in early ideas by Penrose [11] which regard that the collapse of the wave function as an actual physical process (instead of just an artifact of our description of physics) and which is assumed to be caused somehow by quantum aspects of gravitation. We will not recapitulate the motivations and discussion of the original proposal and instead refer to the reader to the above mentioned works. The way we treat the transition of our system from a state that is homogeneous and isotropic to one that is not, is to assume that at certain cosmic time, something induces a jump in a state describing a particular mode of the quantum field, in a manner that would be similar to the standard quantum mechanical collapse of the wave function associated with a measurement, but with the difference that in our scheme no external measuring device or observer is called upon as "triggering" that jump (it is worthwhile recalling that nothing of that sort exist, in the situation at hand, to play such role).
The main aim of this article is to compare the results that emerge from the collapse schemes considered in [6] with an alternative scheme of collapse that can be said to more natural than the previous two. In this new scheme [19] we take into account the correlations in the quantum state of the system before the collapse for the values of field and conjugate momentum variables as indicated by the Wigner functional analysis of the pre-collapse state. This article is organized as follows: In the Section II we review the formalism used in analysing the collapse process. Section III review how to obtain the wave function for the field from its Fock space description, which is then used in evaluating the Wigner function for the state, and the state that results after the collapse. Section IV describes the details of the spectrum of cosmic fluctuations, resulting from such collapse, and finally, in Section V we discuss these results and those of other collapse schemes vis a vie the empirical data.
II. THE FORMALISM
The starting point is the action of a scalar field with minimal coupling to the gravity sector:
One splits the corresponding fields into their homogeneous ("background") part and the perturbations ("fluctuation"), so the metric and the scalar field are written as : g = g 0 + δg and φ = φ 0 + δφ. With the appropriate choice of gauge (conformal Newton gauge) and ignoring the vector and tensor part of the metric perturbations, the space-time metric is described by.
where Ψ is called the Newtonian potential. One then considers the EFEs to zeroth and first order. The zeroth order gives rise the standard solutions in the inflationary stage, where a(η) = − 
with s ≡ 4πGφ ′ 0 . The next step involves quantazing the fluctuating part of inflaton field. In fact it is convenient to work with the rescaled field y = aδφ. In order to avoid infrared problems we consider restriction of the system to a box of side L, where we impose, as usual, periodic boundary conditions. We thus write the fields aŝ
whereπ k is the canonical momentum of the scaled field. The wave vectors satisfy k i L = 2πn i with i = 1, 2, 3,
The functions y k (η), g k (η) reflect our election of the vacuum state, the so called Bunch-Davies vacuum:
(5) The vacuum state is defined by the conditionâ k |0 = 0 for all k, and is homogeneous and isotropic at all scales. As indicated before, according to the proposal, the selfinduced collapse operates in close analogy with a "measurement" in the quantum-mechanical sense, and assumes that at a certain time η c k the part of the state that describes the mode k jumps to an new state, which is no longer homogeneous and isotropic. To proceed to the detailed description of this process, one decomposes the fields into their hermitian parts as followsŷ k = y
We note that the vacuum state |0 is characterized in part by the following: its expectation values ŷ
k (η) = 0 and its uncertainties are ∆ŷ
. For an arbitrarily given state of the field |Ω , we introduce the quantity d k ≡ Ω|â
k ), (6) which shows that it specifies the main quantity of interest in characterizing the state of the field. It is convenient for future use to define the following phases, β k = arg(y k ) and γ k = arg(g k ), keeping in mind that they depend on the conformal time η.
The analysis now calls for the specification of the scheme of collapse determining the state of the field after the collapse [20] , which is the main purpose of the next section. With such collapse scheme at hand one then proceeds to evaluate the perturbed metric using a semiclassical description of gravitation in interaction with quantum fields as reflected in the semi-classical EFE's: G ab = 8πG T ab . To lowest order this set of equations reduces to
where δφ ′ k Ω is the expectation value of the momentum field δφ ′ k =π k /a(η) on the state |Ω characterizing the quantum part of the inflaton field. It is worthwhile emphasizing that before the collapse has occurred there are not metric perturbations[21], i.e. the r.h.s. of the last equation is zero, so, it is only after the collapse that the gravitational perturbations appear, i.e. the collapse of each mode represents the onset of the inhomogeneity and anisotropy at the scale represented by the mode. Another point we must stress is that, after the collapse,and in fact at all times, our Universe would be defined by a single state |Ω , and not by an ensemble of states. The statistical aspects arise once we note that we do not measure directly and separately each the modes with specific values of k, but rather the aggregate contribution of all such modes to the spherical harmonic decomposition of the temperature fluctuations of the celestial sphere (see below). To make contact with the observations we note that the quantity that is experimentally measured (for instance by WMAP) is ∆T /T (θ, ϕ), which is expressed in terms of its spherical harmonic decomposition lm α lm Y lm (θ, ϕ). The contact with the theoretical calculations is made trough the theoretical estimation most likely value of the α lm 's, which are expressed in terms of the Newtonian potential on the 2-sphere corresponding to the intersection of our past light cone with the of last scattering surface
We must then consider the expression for the Newtonian Potential (7) at those points:
where we have introduced the factor T (k) to represent the physics effects of the period between reheating and decoupling. Writing the coordinates of the points of interest on the surface of last scattering as x = R D (sin θ sin φ, sin θ cos φ, cos θ), where R D is the comoving radius of that surface and θ, φ are the standard spherical coordinates of the sphere, and using standard results connecting Fourier and spherical expansions we obtain
As indicated above statistical considerations arise when noting that the equation (8) indicates that the quantity of interest is in fact the result of a large number (actually infinite) of harmonic oscillator each one contributing with a complex number to the sum, leading to what is in effect a two dimensional random walk whose total displacement corresponds to the observational quantity. Note that this part of the analysis is substantially different from the corresponding one in the standard approach. In order to obtain a prediction, we need to find the most likely value of the magnitude of such total displacement. Thus we must concern ourselves with: (11) and to obtain the "most likely" value for this quantity. This we do with the help of the imaginary ensemble of universes [22] and the identification of the most likely value with the ensemble mean value. As we will see, the ensemble mean value of the product
is an adimensional function of k which codifies the traces of detailed aspects of the collapse scheme. We are thus lead to the following expression for the most likely (ML) value of the quantity of interest:
(12) Writing the sum as an integral (using the fact that the allowed values of the components of k are separated by ∆k i = 2π/L):
(13) The last expression can be made more useful by changing the variables of integration to x = kR D , leading to
With this expression at hand we can compare the expectations from each of the schemes of collapse against the observations. We note, in considering the last equation, that the standard form of the spectrum corresponds to replacing the function C by a constant. In fact if one replaces C by 1 and one further takes the function T which encodes the late time physics including the plasma oscillations which are responsible for the famous acoustic peaks, and substitutes it by a constant, one obtains the characteristic signature of a scale invariant spectrum:
. In the remaining of the paper we will focus on the effects that a nontrivial form of the function C has on the predicted form of the observational spectrum.
III. PROPOSAL OF COLLAPSE a là WIGNER
As indicated in the introduction, the schemes of collapse considered in the first work following the present approach, [6] , essentially ignored the correlations between the canonical variables that are present in the precollapse vacuum state. In the present analysis, we will focus on this feature, characterising such correlations via the Wigner distribution function [12] , and requiring the collapse state to reflect those aspects. The choice of the Wigner distribution function to describe these correlations in this setting is justified by some of its standard properties regarding the "classical limit" (see for instance [13] ), and, by the fact that there is a precise sense in which it is known to encodes the correlations in question [14] . The Wigner distribution function for pure quantum states characterized by a position space wave function Ψ(q) is defined as:
with (q, p) corresponding to the canonical conjugate variables.
In our case the wave function for each mode of the field (characterized by its wave vector number k) corresponds, initially, to the ground state of an harmonic oscillator. It is a well known result that the Wigner distribution function gives for a quantum harmonic oscillator in its vacuum state a bi dimensional Gaussian function. This fact will be used to model of the result of collapse of the quantum field state. The assumption will be that at a certain (conformal) time η c k the part of the state characterizing the mode k, will collapse (in a way that is similar to what in the Copenhagen interpretation is associated with a measurement), leading to a new state |Ω in which the fields (expressed by its hermitian parts) will have expectation values given by
where x (R,I) is a random variable, characterized by a Gaussian distribution centered at zero with a spread one; Λ k is given by the major semi-axis of the ellipse characterizing the bi dimensional Gaussian function (the ellipse corresponds to the boundary of the region in "phase space" where the Wigner function has a magnitude larger than 1/2 its maximum value), and Θ k is the angle between that axis and the y of the y k and g k we find
where in all of the expressions above the conformal time η is set to the time of collapse η k c of the corresponding mode. In order to obtain the expression for Λ k it is necessary to find the wave-function representation of the vacuum state for the variable y R,I
k . Following a standard procedure, we apply the annihilation operator,â R,I , to the vacuum state |0 , obtaining the well-known equation for the harmonic oscillator in the vacuum state, and from the result we extract the wave function of the k−mode of the inflaton field:
We next substitute this in the expression for the Wigner function, W(y
This has the form of a bi dimensional Gaussian distribution as expected from the form of the vacuum state. The cross term is telling us that the support of Wigner function is rotated respect the original axes. Rescaling the π k -axe to Π k = π k /k and doing a simple 2D rotation (i.e. y
sin Θ k ) we find the principal axes of the Wigner function:
with the corresponding widths given by:
Note that
The rotation angle, θ k is given by
It is clear then that
Substitutingπ k in δφ ′ k (defined by the equation (8)) and calculating the expectation value of it in the post-collapse state, |Ω , we obtain
where we have defined the "collapse to observation delay" from the collapse time of the mode k, η 
Now we take the ensemble mean value of the square of δφ
2 , see last section) and call it C wigner (k)
where we replaced kη c k (k) by z k . Henceforth (14) is
(30) Now we are prepared to compare the predictions of the various schemes of collapse with observations. Before doing so it is worth recalling that the standard results are obtained if the function C is a constant, and to mention that it turns out that in order to obtain a constant C (in this and any collapse scheme) there seems to be a single simple option: That the z k be essentially independent of k indicating that the time of collapse for the mode k, η c k should depends of the mode frequency according to η c k = z/k. For a more detailed treatment we refer to the article [6] .
IV. COMPARING WITH OBSERVATIONS
This is going to be a rather preliminary analysis concentrating on the main features of the resulting spectrum and ignoring the late time physics corresponding to the effects of reheating and acoustic oscillations (represented by T (k)). Actual comparison with empirical data requires a more involved analysis which is well outside the scope of the present paper.
We remind the reader that C(k) encapsulates all the imprint of the details of the collapse scheme on the observational power spectrum.
The functional form of this quantity for the scheme considered in this article, C wigner (29), has a more complicated form than the corresponding quantities that resulted from the schemes of collapse considered in [6] . Here we reproduce those expressions for comparison with the scheme considered here and with observations. In the first collapse scheme (31), the expectation values for the field y k and its canonical conjugate momentumπ k after the collapse are randomly distributed within the respective ranges of uncertainties in the pre-collapsed state, and are uncorrelated. The resulting power spectrum has
The second scheme considered in [6] only the conjugate momentum changes its expectation value from zero to a value in such range, this second scheme is proposed since in the first-order equation (7) only this variable appears as a source. This leads to a spectrum with
Despite the fact that the expression for C wigner looks by far more complicated that C 2 , their dependence in z k is very similar, except for the amplitude of the oscillations (see figures 1(b) and 1(c)). Another interesting fact that can be easily detected in the behaviour of the different schemes of collapse is that if we consider the limit z k → ±∞, then C 1 (k) → 1 and we recover the standard scale invariant spectrum. This does not happen with C 2 (k) or (b)C 2 , this scheme is proposed taking in account the fact that only π k appears in the EFE at first order. C wigner (k) (see figure 1) . We recall that the standard form of the predicted spectrum is recovered by taking C(k) = 1. Therefore, we can consider the issue of how the various collapse schemes approach the standard answer (given the fact that the standard answer seems to fit the observations rather well). In particular we want to investigate how sensitive are the predictions for the various schemes, to small departures from the case where z k is independent of k, which as we argued above would lead to a precise agreement with the standard spectral form. In order to carry out this analysis, we must obtain the integrals (14) for the various collapse schemes characterized by the various functions C 1 (k), C 2 (k) and C wigner (k). It is convenient to define the adimensional quantityz x ≡ xN (x), where x = kR D and N (x) ≡ η c k(x) /R D . We will be working under the following assumptions: (1) The changes in scale during the time elapsed from the collapse to the end of inflation are much more significant than those associated the time elapsed from the end of inflation to our days, thus we will use the approximation ∆ k = −z x ; (2) We will explore the sensitivity for small deviations of the "z k independent of k recipe" by considering a linear departure from the k independent z k characterized byz x asz x = A + Bx in order to examine the robustness of the collapse scheme in predicting the standard spectrum. We note that A and B are adimensional. In the figures 2, 3 and 4 reflect the way the spectrum behaves as a function of l , were we must recall that standard prediction (ignoring the late physics input of plasma oscillations etc) is a horizontal line. Those graphs represent various values of A and B chosen to sample a relatively ample domain. The graphs (5, 6 and 7) show the form of the spectrum for various choices for the value of B keeping the value of A fixed. It is important at this point remind the reader -in the order to avoid possible misinterpretations-that this graphs are ignoring the effect of late physics phenomena (plasma oscillations, etc.). Our aim, at this stage is to compare this graphs with the scale-invariant spectrum predicted by standard inflationary scenarios (i.e. a constant value for 2l(l + 1)|α lm | 2 ) and not -directly-with the observed spectrum. As we observed before the behavior of C 2 and C wigner is qualitatively similar, the main difference comes from the amplitude of the oscillations of the functional. From these results we can obtain some reasonable constrains on the values of the A and B for the different schemes of collapse. We start by defining for a given predicted spectrum the degree of deviation from the flat spectrum to be simply ∆ lmax ≡ (
1/2 /S where S represents the flat spectrum that would best approximate the corresponding imaginary data and is given by S ≡
. If we set a bound on the departure from scale invariance up to l = 1500 of 10% measured by ∆ lmax (i.e. requiring ∆ lmax < 0.1) we obtain for the various collapse schemes the corresponding allowed range of values for the parameters A and B. The results from these analysis are presented in the tables I, II and III. We see that the restriction of range in B becomes weaker for larger values of A, something that can be described by stating that the earlier the collapse occurs the larger the possible departures from the behavior η c k k = constant. We note that we can recover the range of times of collapse 
where we have normalized the scale factor so today is a 0 = 1, so, a d ≡ a(η d ) ≃ 10 −3 and H 0 is the Hubble variable today. The numerical value is R D = 5807.31h Mpc. Henceforth
Thus, we can use this formula and calculate the collapse time of the interesting values of k we observe in the cosmic microwave background (CMB), namely the range between 10 "horizon crossing" that marks the "quantum to classical transition" in the standard explanation of inflation: a H k . The "horizon crossing" occurs when the length corresponding to the mode k has the same size that the "Hubble Radius", H
. Thus the ratio of the value of scale factor at horizon crossing for mode k and its value at collapse time for the same mode is
Using the best-fit values for the different collapse schemes, we can plot the e-folds elapsed between the modes collapse and its horizon crossing. As we can see in the figure (9) this quantity changes -at most-of one order 
V. DISCUSSION
We have considered various, relatively ad hoc recipes for the form of the state of the quantum inflationary field, that results, presumably from a gravitationally induced, collapse of the wave function. The breakdown of unitarity that this entails, is thought to be associated with drastic departures from standard quantum mechanics once the fundamental quantum gravity phenomena come into play. We have not discussed at any length this issue here and have focused in the present treatment as purely phe- The analysis of the signatures of the different schemes of collapse illustrate various generic points worth mentioning: First, that, depending on the details of the collapse scheme and its parameters, there can be substantial departures in the resulting power spectrum, from the standard scale invariant spectrum usually expected to be a generic prediction from inflation. Of course it is known that there exist other ways to generate modifications in the predicted spectrum, such as considering departures from slow roll and modifications of the inflaton potential and so forth. In the approach we have been following the modifications arise from the details of a quantum collapse mechanism, a feature tied to a dramatic departure from the standard unitary evolution of quantum of physics that we have argued must be invoked if we are to have a satisfactory understanding of the emergence of structure from quantum fluctuations. In fact, by fitting the predicted and observational spectra, these sort of modifications are possible sources of clues about what exactly is the physics behind the quantum mechanical collapse or whatever replaces it. We saw that generi- . On the other hand and as shown in detail in [6] the simple generalization of the ideas of Penrose about the conditions that would trigger the quantum gravity induced collapse leads precisely to the such prediction for η c k . We should however keep in mind that, even if something of that sort is operating, the stochastic nature of any sort of quantum mechanical collapse leads us to expect that such pattern would not be followed with arbitrarily high precision. In this regard we have studied the robustness of the various schemes in leading to an almost scale invariant spectrum. To this end we have considered in this work, the simplest (linear) deviations from the behavior of η ant one, for instance the schemes C 2 (k) and C wigner (k) lead naturally to a turning down of the spectrum as we increase l.
It is worth noting that a turning down in the spectrum is observed in the CMB data [3] ,which is attributed as a whole, in literature to the Damping Effect [27] , i.e. to the fact that inhomogeneities are dampened do the non zero mean-free-path of photons at that time of decoupling [15] . As observed in the figures (3, 4) for some values of (A, B) we obtain an additional source of "damping" due to fluctuations in the time of collapse about the pattern characterized by η c k k = constant. It is expected that the PLANCK probe will provide more information on the spectrum for large values of l, so hopefully this characteristic of our analysis could be analyzed and distinguished from the standard damping in order to obtain interesting constraints on the parameters (A, B) . In fact we believe that one should be able to disentangle the two effects, because in the cases in which our model leads to additional damping in the spectrum, it also predicts that should be a rebound at even higher values of l (see figures 2, 3, 4).
However, the most remarkable conclusion, illustrated by the present analysis, is that by focussing on issues that could be thought to be only philosophical and of principle, we have been lead to the possibility of addressing issues pertaining to some novel aspects of physics which could be confronted with empirical observations. Further and more detailed analysis based on direct comparisons with observations are indeed possible, and should be carried out. This together with the foreseeable improvements in the empirical data on the spectrum, particularly in the large l region, and the large scale matter distribution studies, should permit even more detailed analysis of the novel aspects of physics that we believe are behind the origin of structure in our universe. 
